The double notched (DN) plate is commonly used in rotary air preheaters, but relevant investigations are rare. Thus, thermal-hydraulic performances of the DN plate are investigated in this paper. A single-blow, transient technique is refined and then used to measure the overall mean heat transfer coefficients and friction factors. A validated numerical method is also utilized to provide local information. The measured results show that the performance of the DN plate approaches that of the double undulated (DU) plate and lies between that of the cross corrugated (CC) plate and the parallel plate. No swirling flow pattern is identified in the predicted velocity fields. Basically, two types of flow are observed: wavy channel flow and pipe flow. High or low Nusselt numbers, Nu, are obtained at the luff or lee side of undulations and notches, respectively. Nu values increase and Nu distributions become more homogenous with increasing Reynolds numbers, Re. A recommendation is made that the DN plate be operated under moderate Re to achieve homogenous and enhanced heat transfer, given the allowable pressure drop.
Introduction
A rotary air preheater is an important component of a fossil fuel power plant because it performs the essential function of recovering low grade heat from the combustion product gases [1] . It typically consists of many closely packed heat transfer elements. Its main performance requirements are high heat transfer rate, low pressure loss, and rapid and accurate detection of hot spots and early fires. These depend crucially on the geometrical design of their elements [2] . Some popular shapes are DN plate, CC plate, corrugated undulated plate, and DU plate [3] . Among them, the DN and CC plates are the most commonly used plate types.
The present DN plate is comprised of notches, undulations, and flat sections, see Fig. 1(b) . The notches are longitudinally straight, equidistantly laterally spaced apart, and parallel to each other. Alternating between the notches is mutually parallel flat sections. Between the notches and flat sections are skewed undulations. The top, middle, and bottom DN plates in Fig. 1 (a) are identical to each other. This is advantageous in that only one type of plate needs to be manufactured. Undulations of the DN plate introduce boundary layer interruptions and therefore improve heat transfer. The channels between DN plates are generally longitudinally straight, providing a line of sight view through them for efficient detection of hot spots and element fires.
The CC plate is also widely used for its relatively high thermal performance, low pressure drop, simple structure, and high rigidity [4] . A large number of studies [5] [6] [7] [8] [9] [10] [11] [12] [13] have been carried out to investigate the performance of the CC plate, while only a limited amount of data exists for the DN plate because of commercial restrictions. To the best of our knowledge, systematic investigation of thermal-hydraulic performance of the DN plate has not been reported in the literature.
Therefore, a single-blow technique (SBT) is conducted to test the overall performance of the DN plate in this paper. In addition, a numerical simulation is carried out to provide the detailed description of the flow and temperature field, which is very difficult to be achieved experimentally and is helpful for better understanding of the flow and heat transfer mechanisms. In Fig. 1(c) , four typical sections, L-L, M-M, N-N, and O-O, are illustrated as slices of the computational domain. Numerical results have been presented for these sections.
2 Experimental Method 2.1 Introduction of Single-Blow Technique. Experimental techniques for obtaining heat transfer performance of heating surfaces can be classified into the steady-state method [14, 15] and the transient method. The transient method is composed of three elements: an experiment in which a heat transfer matrix is operated as a regenerator, a model that links measured fluid temperatures to the heat transfer coefficient, and an evaluation scheme by which the measured data can be compared with the prediction of the model [16] . The SBT is a relatively simple transient method, which employs a single fluid. In SBT, the inlet fluid temperature is varied as a function of time, and the resulting exit fluid temperature history is measured. The measured outlet fluid temperature is then matched with the solutions of an analytical model to determine the average heat transfer coefficient [17] . The SBT has several advantages over the steady-state method: The apparatus is relatively simple and the experimental time for each data point is relatively short. More importantly, the rather difficult task of measuring the complicated DN plate temperature in the steadystate method is avoided in the SBT. Consequently, the SBT is preferred in this paper to test the DN plate. The original mathematical model and its analytical solutions of the single-blow problem were developed by Schumann [18] . His solutions were first used as the basis for the transient technique by Furnas [19] . Pucci et al. [20] presented an excellent summary of the underlying theory of the SBT. Liang and Yang [17] developed a modified SBT to minimize the errors caused by assumption of step change inlet fluid temperature. Based on numerical simulation, Mullisen and Loehrke [21] extended Liang-Yang analysis. Their method has been accepted as one of the best methods for reducing transient test data [22] . The SBT developed by Mullisen and Loehrke is, therefore, utilized in this paper.
Mathematical
Model. The accuracy of SBT mainly depends upon how precisely the model describes the experimental process. Cheng and Huang [23] found that neglecting the effects of longitudinal conduction and thermal capacity of fluid may cause considerable error. Thus, Mullisen-Loehrke method is further refined in this paper to include these effects.
Assumptions made in the current analysis are as follows:
(1) Thermophysical properties of the fluid and test core are independent of temperature. The test core is shown in Fig. 2 . The method provided by Sheer et al. [24] is used to define the control volume. The energy conservation equations for an element dx can be summarized as follows:
The above governing equations are subject to the following initial and boundary conditions: 
where T in (t) and T out (t) are the measured inlet and outlet fluid temperatures, respectively. These equations are converted to finite-difference equations by control volume integration method [25] . The resultant discrete equations are as follows:
The discrete initial and boundary conditions are
The discrete equations are solved using the tridiagonal matrix algorithm described in Ref. [26] . A unique procedure is developed to obtain the average convection coefficient, h: guess at h first, solve Eqs. (8)-(10) subject to conditions (11)- (14) . The predicted temperature history is then compared with T out (t). The value of h is iteratively changed until the two temperature histories match within specific limits. Figure 3 shows a schematic diagram of the experimental apparatus. It is basically an open circuit subsonic wind tunnel with a 300 Â 300 Â 900 mm 3 test section. Honeycomb straighteners and fine wire gauze were installed to ensure steady and uniform air flow into the test section. An electric resistance heater is installed to provide a 40 K rise in incoming air temperature. By limiting the temperature difference to 40 K, the thermophysical properties of the fluid and the test core are essentially constant. Elastomeric insulation is put around the wind tunnel to achieve the adiabatic boundary condition.
Experimental Apparatus and Procedures.
Two thermocouple grids are placed at the inlet and outlet of the test section to record air temperature. The uncertainty in temperature measurement is within 60.5 K. Static pressure taps are located upstream and downstream of the test core. Two standard orifices with different ranges were used to improve measuring accuracy of the mass flow rate. All the differential pressure signals are converted to electric signals by pressure transducers with an accuracy of 0.5%.
The data acquisition system is activated at first to record temperature history. Electrical supply to the heaters is switched on once temperatures of the fluid and the DN plates reach steady state. The air temperature is continuously recorded at a sampling rate of 1 Hz for a period of about 600 s. The pressure drops across the orifice plate and the test core are also measured. By conducting numerous tests at different flow rates, j and f data could be determined for various Re. 
where K c and K e are pressure loss coefficients at the inlet and outlet of the test core, respectively [14] . The root-sum-square method described by Moffat [27] is used to analyze the uncertainties of the experimental results. The uncertainties of j and f are estimated to be about 4.6% and 5.5%, respectively. Figure 4 shows typically measured and calculated outlet temperatures. In the figure, the theoretical exit air temperature best matches the experimental curve at h ¼ 73.87 W/m 2 K, and, the calculated root-mean-square deviation between the theoretical and experimental curve is 0.42 C. Measured j and f values are presented in Figs. 5 and 6, together with the results of some typical plates in literature. These plates are the CC plate in Ref. [5] , the DU plate in Ref. [24] , and the parallel plate in Ref. [28] . The data for CC plate are scaled to the right axis, while other data are scaled to the left axis. With pure skew undulations on it, the CC plate introduces efficient interruptions of the boundary layers, and, thus, gains good thermal performance with a large pressure drop penalty. On the contrary, the parallel plate gains poor thermal performance with a small pressure drop. Performances of the similar DN and DU plates lie well between that of the CC plate and the parallel plate. A conclusion, therefore, can be drawn that a compromise has been made between high heat transfer rate, efficient fault detection, and effective soot blowing by adding notches and flat sections to the angled undulations. Fig. 7 is generated for the current DN plate. According to the grid independency check, the total of 1,396,578 grid cells used in this paper is sufficient.
In a comparison study, Patel et al. [29] found that the lowReynolds number k À e (LBKE) model developed by Lam and Bremhorst [30] gives good performance for channel flows. Subsequently, Ciofalo et al. [10] confirmed that the best performance is from the LBKE model, among five numerical models for modeling CC channel flows. Since no suggested model is available in the literature for the DN plate, the LBKE model is used in the present study.
Solution Methodology.
Uniform inlet velocity profiles and uniform inlet temperature distributions are assumed, while zero-normal derivative conditions are imposed on the outlet faces. The calculation proceeds along the flow direction until fully Transactions of the ASME developed situations are achieved. This is done by repeatedly setting outlet distributions as inlet conditions (see more details in Ref. [10] ). No-slip conditions and uniform wall temperature conditions are used. Air is the working fluid and its density, specific heat, thermal conductivity, and viscosity are taken as secondorder polynomial functions of its temperature. The Navier-Stokes equations are solved by the SIMPLEC scheme, the convective terms are solved by the third-order QUICK scheme, and the diffusive terms by a second-order central difference scheme. The residuals, together with the outlet pressure, velocity, and temperature, are monitored to identify convergence.
3.3 Results and Discussion. Numerical versus experimental j and f values are shown in Fig. 8 . The predicted deviations for j and f are from À9.25% to 11.38% and from À17.46% to 13.99%, respectively. Such a level of agreement is regarded as satisfactory and confirms the validity of the numerical method. A similar statement was reported by Song and Nishino [31] who conducted single-blow tests and simulations on a fin-channel and claimed that the measured heat transfer coefficients matched well with those of the steady-state computation.
Similar velocity fields are identified for different Re in Fig. 9 . The swirling flow pattern, as was identified in CC channel by Ciofalo et al. [10] , is invisible in the present DN channel. The interaction between the two sets of fluid streams flowing along the upper and lower undulations is greatly reduced in the DN channel as the undulations are separated apart at a certain distance by the deep notches. Thus, no swirling flow occurs and, consequently, both the pressure drops and heat transfer rates in DN channel are smaller than those in the CC channel.
The velocity distribution feature is evident in Fig. 10 : Intense secondary flows appear in the undulated region, while secondary flows are hardly visible in the notched region. Flow and heat transfer processes in the notched region are similar to those of the pipe flow. In the undulated region, fluid streams near the troughs of the top undulations are strongly affected by the crossing streams along the middle undulations. It is evident in Fig. 10(a) that part of the fluid streams near the troughs of the top undulations joins the streams along the middle undulations. Such strong interaction is believed to account for fluid shift and enhanced heat transfer. With increasing Re, the thickness of thermal boundary layer decreases, as shown in Fig. 10(b) , which leads to heat transfer enhancement. Generally speaking, a conclusion can be drawn from Figs. 9 and 10 that Re does not significantly influence the flow patterns and temperature distributions in the DN channel.
More prediction results are provided in Fig. 11 . Fluid flow can be characterized as wavy channel flow and pipe flow for sections L-L and M-M, respectively. In section L-L, the boundary layer is effectively disturbed. As regards section M-M, pipe flow features are easily identified. It is obvious in Fig. 11(b) that the thermal Figure 12 reports predicted Nu distributions on the bottom wall of the computational domain. High Nu (light color) is observed at the luff side of the undulations and the notches where the flow impinges. Low Nu is obtained at the lee side of the undulations and the notches and near the contact lines where notches meet flat sections. Similar experimental data were reported for the CC channel by Gaiser and Kottke [32] . Moreover, from Fig. 12 , it can be concluded that the Nu distribution becomes more homogenous with increasing Re, implying strong mixing and enhanced heat transfer as Re increases.
Further detail is given by equally dividing the computational domain into 20 pieces in the x direction. A Nusselt number for each piece is obtained and normalized by the maximum value, Nu max . The normalized Nu distributions are presented in Fig. 13 . At small Re values, a remarkable wave crest is identified near the middle part of the DN plate. At such low Re, laminar flow is believed to prevail in the whole channel. Therefore, sections with larger flow rate will achieve higher Nu values. The pressure drop of the notched section is smaller than that of the undulated section at the same Re, for equal flow rates. Thus, more flow rate is distributed to the notched channel than to the undulated channel to maintain the same pressure drop, which leads to the aforementioned Nu curve crest. At large Re values, heat transfer enhancement effects in the undulated region prevail. As Re increases, normalized Nu values of the undulated section approach and finally exceed the maximum Nu value of the notched section. It can be concluded that heat transfer is intensified and the intensive heat transfer center shifts from the notched sections to the undulated sections with increasing Re. Thus, operation under moderate Re values is recommended for the present DN plate to achieve homogenous heat transfer given the allowable pressure drop.
Conclusions
A refined, single-blow transient experimental technique, along with a validated numerical method, is used to investigate the complex flow and heat transfer phenomena within the DN channel.
Measured j and f are presented and compared with the literature data over a wide Re range. It is found that the thermal-hydraulic performance of the DN plate lies between that of the CC plate and the parallel plate, which confirms the statement that heat transfer and energy recovery have been compromised in the DN plate to provide effective soot blowing and fault detection. Moreover, comparable j and f are observed for the similar DN and DU plates.
The current numerical method is validated by good agreement between the experimental and numerical data. Predicted velocity fields show no swirling flow patterns. Basically, two distinct flow types are identified in the DN channel, i.e., the wavy channel flow and the pipe flow. The former is believed to be the main reason for heat transfer enhancement under medium and high Re flow.
High Nu is obtained at the luff side of the undulations and the notches, while low Nu is obtained at the lee side of the undulations and the notches. In addition, it is found that the Nu distribution becomes more homogenous and Nu values increase with increasing Re. Thus, it is recommended that the DN plate should be operated under moderate Re values to achieve homogenous and enhanced heat transfer while maintaining allowable pressure drop.
These are useful information and may serve as the starting point for further research about optimal design of DN plates. 
Nomenclature
A ¼ area c ¼ specific heat D ¼ hydraulic diameter f ¼ Darcy friction factor h ¼ heat transfer coefficient j ¼ Colburn factor k ¼
